N itric oxide (NO) mediates many endothelial functions, such as control of vascular tone, regulation of platelet aggregation, endothelium permeability, and neoangiogenesis. 1 NO is produced in the endothelium by the endothelial NO synthase (eNOS), which, along with inducible NOS and neuronal NOS, belongs to a family of arginine hydroxylases. 2 Several studies have provided evidence that eNOS is important in the regulation of vascular functions. 3 In particular, mice lacking the eNOS gene show increased blood pressure levels and loss of endothelium-dependent vasorelaxation. 4 The activity of eNOS consists of converting arginine into citrulline with stoichiometric NO production and is regulated in a calcium/calmodulin-dependent manner. 3 Recently, it has been discovered that other posttranslation modifications also regulate eNOS activity. 5, 6 These modifications occur by means of phosphorylation of Ser 1177 in the eNOS sequence. Several kinases share the ability to phosphorylate this site, including protein kinase A, protein kinase C, CAMKII and the serine/threonine kinase AKT. [7] [8] [9] [10] [11] This latter seems to possess the unique feature to be activated by many independent signal transduction pathways. In fact, AKT kinase is activated primarily in response to stimulation of transmembrane receptors with intrinsic tyrosine kinase activity or indirectly coupled to tyrosine kinases or to 7-transmembrane G protein-coupled receptors. [13] [14] [15] In the endothelium, various agonists, such as vascular endothelial growth factor, bradykinin, insulin, acetylcholine (ACh), isoproterenol (ISO), and fluid shear stress, induce AKT activation and consequent phosphorylation of eNOS on serine 1177 and NO production. [7] [8] [9] 12 Therefore, AKT seems to be an important checkpoint for eNOS activation in response to many signal transduction pathways.
Endothelial dysfunction is the impaired ability of vascular endothelium to stimulate vasodilatation and is observed in various pathological conditions, such as hypercholesterolemia, hypertension, type 2 diabetes, hyperhomocyst(e)inemia, chronic renal failure, and chronic heart failure. 16 Recent observations link endothelial dysfunction to increased risk of cardiovascular accidents. 17 The major cause of the endothelial dysfunction is decreased bioavailability of NO, which can be caused by reduced eNOS expression, reduced NO production, and increased NO catabolism. In hypertension, endothelial dysfunction seems to be related to inadequate NO production in response to endothelial stimulation, whereas basal NO levels are increased. 18, 19 Because many endothelial signal transduction pathways converge on AKT, leading to eNOS phosphorylation and activation, this molecule can be considered an ideal target for increasing eNOS responses.
In this report, we evaluated whether endothelial AKT activation is altered in the spontaneously hypertensive rat (SHR). To this aim, we induced overexpression of the human AKT1 gene in the endothelium of SHR carotids by use of adenoviral gene transfer and evaluated the effects on endothelium-dependent responses. Furthermore, we explored possible differences in AKT signaling between normotensive and SHR endothelial cells (ECs).
Methods

Adenoviral Constructs
We used replication-defective adenoviral vectors encoding for the human AKT1 wild-type gene (ADAKT-WT) or the kinase-deficient AKT K179M mutant acting as dominant-negative (ADAKT-DN) under the control of the cytomegalovirus promoter; 20 as a control, we used a similar adenoviral vector without any transgene (ADempty). The ADAKT-WT and ADAKT-DN mutant constructs included an in-frame hemoagglutinin epitope (HA) 3Ј tag. 20 
Animals and Surgical Procedure
Twelve-week-old normotensive rats of the Wistar-Kyoto strain (WKY, nϭ15) and age-matched SHR (nϭ18) were used in the study. Adenovirus-mediated gene transfer to the common carotids was performed as previously described. 21 Briefly, animals were anesthetized with a mixture of ketamine (50 mg/kg) and xylazine (0.5 mg/kg), and the right carotid was exposed; through an incision on the external carotid, the vector (10 8 pfu in 100 L of PBS) was injected into the common carotid and incubated for 15 minutes to allow infection. Subsequently, blood flow was restored through the carotid. This maneuver achieves an Ϸ2-fold overexpression of the transgene selectively at the endothelium and a 50% to 75% infection rate. 21 The contralateral carotid was treated as described above using ADempty vector virus saline solution as control. The study was performed in accordance with institutional guidelines for animal studies.
Vascular Reactivity Using Common Carotid Rings
Four days after infection, animals were anesthetized and killed by cervical dislocation; common carotids were isolated for evaluation of vascular responses as previously described. 21 Endotheliumdependent vasorelaxation was assessed in vessels preconstricted with phenylephrine (PE, 10 Ϫ6 mol/L) in response to the muscarinic receptor agonist ACh (10 Ϫ9 to 10 Ϫ6 mol/L), the ␤-adrenergic receptor (␤AR) agonist ISO (10 Ϫ10 to 3ϫ10 Ϫ8 mol/L), and insulin (10 Ϫ9 to 10 Ϫ6 mol/L). At the doses we used, all these agonists exert an endothelium-dependent vasorelaxation, ranging from 30% to 70%. [21] [22] [23] Endothelium-independent vasorelaxation was tested by sodium nitroprusside (SNP, 1ϫ10
Ϫ9 to 5ϫ10 Ϫ5 mol/L). In SHR, we also explored the effects of the eNOS inhibitor N G -nitro-L-arginine methyl ester (L-NAME, 10
Ϫ5 mol/L) on both control and ADAKT-WT-treated vessels. Drugs were prepared daily, and their concentrations are reported as the final molar concentration in the organ bath. At the end of the experiment, carotids were snap-frozen in dry ice-chilled isopropyl alcohol for evaluation of AKT1 expression.
In Vivo Hemodynamics Assessment
In 3 SHR and 3 WKY rats, blood flow velocity of both carotid arteries was measured by echo Doppler ultrasounds (10 MHz, Sonos 5500, Philips) in live anesthetized animals before and 3 days after ADAKT-WT application on one carotid.
RT-PCR
Total RNA was isolated by use of RNAzol (Biotech), a 1-step guanidinium-based extraction from pooled (3 per group) pulverized carotids. The RNA was treated with DNAse I after extraction and used for reverse transcription (RT) into cDNA by standard methods. 24 cDNAs were then used as templates for the polymerase chain reaction (PCR) amplification. We designed the following primers that recognize the AKT1 sequence: forward, 5Ј-CCATGAA-GATCCTCAAGA-3Ј and the HA tag: reverse, 5Ј-AGCGTAAT-CTGGAACATC-3Ј. We also used primers for rat GAPDH sequence to normalize for cDNA production. 24 After amplification, samples were electrophoresed through 20% acrylamide gel in Tris 0.1 mol/L-borate 0.09 mol/L-EDTA 0.001 mol/L buffer and visualized by incubation with ethidium bromide under UV light. The presence of an Ϸ900-bp PCR product confirmed viral expression.
Primary Cultured Rat Aorta Endothelial Cells
In vitro studies were performed with primary cultured ECs harvested as previously described and validated. 21, 22 Briefly, vessels were cut into rings, placed on Matrigel, incubated in DMEM supplemented with 20% FBS and EC growth supplement (10 mg/100 mL), and incubated at 37°C in 95% air-5% CO 2 . After 5 to 7 days, aortic rings were removed, and the ECs remaining on Matrigel were expanded. Cells were studied between passages 3 and 7.
Western Blotting
Cells were plated on 6-well dishes and incubated overnight in absence of serum. The next day, ECs were exposed to ISO (10 Ϫ7 mol/L, 15 minutes) or insulin (10 Ϫ7 mol/L, 15 minutes) at 37°C and then lysed in RIPA-SDS buffer (50 mmol/L Tris-HCl, pH 7.5, 150 mmol/L NaCl, 1% NP-40, 0.25% deoxycholate, 9.4 mg/50 mL sodium orthovanadate, 20% SDS). Alternatively, cells were homogenized in lysis buffer (12.5 mmol/L Tris, pH 6.8, 5 mmol/L EDTA, 5 mmol/L EGTA), and membrane was separated from the cytosol fraction by centrifugation as previously described. 25 In some experiments, total AKT was immunoprecipitated from an equal amount of whole-cell protein extracts by use of protein A/agarose beads conjugated with an antibody raised against total AKT (Cell Signaling). Clarified whole-cell or membrane proteins or immunocomplexes were resolved by PAGE and transferred to a nitrocellulose filter. Total AKT, serine 473-phosphorylated AKT (Cell Signaling), and total (Cell Signaling) and serine 1177 phospho eNOS (Upstate) were visualized by specific antibodies, followed by incubation with an anti-rabbit horseradish peroxidase-conjugated secondary antibody (Santa Cruz Biotechnology) and standard chemiluminescence (Renaissance, NEN).
Total AKT Activity
AKT kinase activity was analyzed by a nonradioactive immunoprecipitation-based assay (Cell Signaling Technology). Cell extracts were incubated for 2 hours with immobilized AKT monoclonal antibody. After an extensive washing, the kinase reaction was performed at 30°C for 30 minutes in the presence of 200 mol/L cold ATP and GSK-3 substrate. Phosphorylation of GSK-3 was measured by Western blot by using phospho-GSK-3␣/␤ (Ser-21/9) antibody. Autoradiographs were digitalized and quantified using Image Quant software (Molecular Dynamics).
Statistical Analysis
Data are expressed as meanϮSEM. Because no differences were observed between the ADempty-treated and the sham-operated carotids, we pooled these data together to simplify the analysis. This group is referred to as the control group. ANOVA was used to analyze the vasoconstrictive responses to PE. Two-way ANOVA was applied to analyze dose-dependent curves. A probability value of PϽ0.05 was considered statistically significant.
Results
Adenovirus-Mediated Gene Transfer to the Endothelium
We recently demonstrated that we can selectively target common carotid endothelium using an intravascular delivery. 21 Expression of the viral transgene was confirmed in vessels infected with the ADAKT vectors and absent in control vessels, as evaluated by the appearance of the expected 900-bp PCR fragment of the ADAKT transcripts (data not shown). GAPDH analysis confirmed the appropriate cDNA production in samples (data not shown).
Vasomotor Responses in WKY
To evaluate endothelial vasodilatation in response to independent intracellular signal transduction pathways, we studied ACh and ISO to explore G q and the G s protein pathways and insulin to assess the tyrosine kinase-dependent signaling. Vessels were constricted with the ␣ 1 -adrenergic agonist PE, whose response was not affected by either ADAKT-DN or ADAKT-WT ( Figure 1A ). ADAKT-DN attenuated the vasodilation in response to ACh, ISO, and Ins, thereby confirming that these responses are AKT-dependent (Figure 1, B-D) . Conversely, ADAKT-WT did not change the pattern of vasodilation to ISO, ACh, and Ins (Figure 1, B-D) . Neither ADAKT-DN nor ADAKT-WT affected endotheliumindependent response to SNP (data not shown), indicating that the gene transfer did not interfere with the intrinsic ability of the vessel to vasodilate.
Vasomotor Responses in SHR
PE vasoconstriction in control SHR carotids was not different from that observed in control WKY carotids (Figure 2A) . Endothelial responses to ACh, ISO, and Ins (Figure 2, B-D) but not endothelium-independent vasorelaxation to SNP (data not shown) were significantly reduced in SHR compared with WKY. In SHR carotids, AKT1 overexpression corrects endothelial function, because ACh, ISO, and Ins (Figure 2 , B-D) endothelium-dependent vasorelaxations in ADAKT-WT-treated carotids were indistinguishable from those observed in control or ADAKT-WT WKY carotids. ADAKT-WT did not change PE (Figure 2A ) and SNP responses (data not shown). The enhancement of endothelial vasorelaxation was largely dependent on NO, because the eNOS inhibitor L-NAME attenuated to a similar level the responses in ADAKT-WT and control treated carotids (Figure 3, B-D) , without affecting vasoconstriction to PE ( Figure  3A ) or vasodilation to nitroprusside (data not shown).
In Vivo Carotid Hemodynamics
To evaluate the physiological relevance of our findings, we determined whether ADAKT-WT modifies carotid blood flow in vivo. Regarding this issue, the hemodynamics of WKY and SHR carotids were assessed by means of echocolor Doppler ultrasounds in anesthetized animals before and after ADAKT-WT gene transfer to one carotid. Before gene transfer, SHR showed reduced systolic blood flow velocity (SHR, 81.2Ϯ1.33, and WKY, 149.2Ϯ3.3 cm/s, PϽ0.05) and blood flow (SHR, 45.66Ϯ4.30, and WKY, 64.51Ϯ3.96 mL/ min, PϽ0.05), whereas internal diameter was similar between rat strains (SHR, 0.70Ϯ0.015, and WKY, 0.703Ϯ0.004 mm). ADAKT-WT did not exert any effect in WKY rats, whereas it ameliorated in vivo carotid hemodynamics in the SHR strain: after ADAKT-WT transduction, systolic blood velocity (132.3Ϯ8.4 cm/s) and blood flow (79.26Ϯ4.56 mL/min) were no longer different between SHR and WKY carotids.
AKT Assessment in WKY and SHR ECs
To study the role of AKT in endothelial responses, we evaluated AKT signaling in primary cultured endothelial cells. We assessed the responses to 2 independent signal transduction pathways, the G protein-coupled ␤AR and the 
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tyrosine kinase insulin receptor. Because the activation of eNOS occurs after phosphorylation on the Ser 1177 residue by means of a series of kinases, including AKT, to pinpoint the effects of AKT on eNOS, we evaluated the phosphorylation of eNOS that immunoprecipitated with total AKT from EC whole extracts. In WKY ECs, both ISO and insulin were able to induce AKT/eNOS association and eNOS phosphorylation, but this function was impaired in SHR ( Figure 4A ). We then explored whether EC AKT activation in response to receptor stimulation is impaired in SHR rats. In WKY and SHR strains, both agonists were similarly able to induce AKT phosphorylation ( Figure 4B ). Accordingly, agoniststimulated AKT activity assessed in vitro by GSK3-GST fusion protein phosphorylation was similar between the 2 strains, with a slight but significant decrease in insulindependent activation ( Figure 4C ). This phenomenon is compatible with the well-known insulin resistance of SHR. 26 Because eNOS phosphorylation by AKT occurs after translocation of the cytosolic AKT to the membranes by means of a scaffold that contains heat-shock protein 90 and eNOS itself, [27] [28] [29] we explored whether AKT moved into the membranes after EC stimulation. Both agonists were able to increase the membrane content of the kinase in WKY ECs (Figure 4) . Conversely, in SHR rats, AKT content seems to be Figure  1 are duplicated in this figure. A, Vasoconstriction to PE in SHR carotids was not different from that observed in WKY, and ADAKT-WT did not modify this response. B, Endothelium-dependent vasorelaxation to ACh is impaired in hypertensive rats vs WKY, but overexpression of AKT restores this response. C, Similarly, endothelial response to ISO is attenuated in SHR control carotids vs normotensives. ADAKT-WT ameliorates response, restoring it to extent observed in WKY. D, Also in case of insulin, ADAKT-WT enhances impaired vasorelaxation in SHR. ⅙, SHR control; q, SHR ADAKT-WT carotids; ▫, WKY control carotids. Figure 3 . Effects of L-NAME on vascular responses of isolated hypertensive rat carotids in vitro. To explore role of NO in ADAKT-WT enhancement of endothelial responses, in a group of 6 SHR, we explored vasorelaxations to ISO, insulin, and ACh in ADAKT-WT-treated carotids in presence of eNOS inhibitor L-NAME (10 Ϫ5 mol/L). A, L-NAME did not modify vasoconstriction to PE in ADAKT-WT and control carotids. B, Enhanced response to ACh observed in ADAKT-WT carotids was inhibited by L-NAME. C, Similarly, inhibitor prevented vasorelaxant response to ISO and D, insulin. ⅙, SHR ADAKT-WT; q, SHR ADAKT-WTϩL-NAME. already increased at baseline and cannot be further increased ( Figure 4D ).
Discussion
In hypertension, it has been proposed that impaired endothelium-dependent vasorelaxation is a result of altered signal transduction pathways leading to eNOS activation. 30 This hypothesis is supported by the recent observation of increased expression of negative regulators of G protein-coupled receptor signaling in the vasculature of hypertensive rats. 31 Furthermore, we have recently demonstrated that increasing the number of ␤ARs at the endothelial level corrects impaired ␤-adrenergic vasorelaxation in carotids from SHR rats. 21 Our study focuses on AKT because of the ability of this kinase to activate eNOS and the central role of this kinase in multiple signal transduction pathways. [13] [14] [15] Therefore, it is likely that alterations in AKT signaling may cause endothelial dysfunction in response to many agonists. Indeed, in functional studies, we showed that gene transfer of the human AKT1 to the endothelium of SHR carotids ameliorates the impaired vasorelaxation to the endothelial agents ACh, ISO and insulin. In normotensive rats, the same treatment did not achieve the same result. Similarly, although in vivo in SHR, AKT1 gene transfer to the carotid endothelium corrects impaired blood flow, in WKY, we did not observe modifications of carotid hemodynamics. Although surprising, these results testify to the complexity of the mechanisms that in normotensive animals leads to NO production. To the best of our knowledge, this is the first time that the AKT1 wild-type gene transfer has been used in studies of endothelial vasorelaxation, because thus far, only AKT1 mutant genes have been tested 9 ; therefore, our data cannot be compared with previous experiences. A parallel observation was obtained with the eNOS gene transfer to the common carotid, obtaining no changes in ACh response in normotensive nondiabetic rabbits while correcting impaired vasorelaxation in diabetic rabbits. 32 There is now increasing evidence that NO participates in the regulation of vascular wall compliance. 33, 34 Our findings in vivo are in agreement with this notion, because the increase of wall compliance will reduce carotid resistance and correct the hemodynamics through the vessel. 35 In this vision, our in vivo data, showing that AKT1 ameliorates hemodynamics in SHR, agree with the evidence gathered on isolated carotids. Our results suggest that in hypertensive rats, there is indeed an impairment of AKT signaling that leads to endothelial dysfunction. We therefore investigated AKT expression or activity in endothelial cells isolated from WKY and SHR rats, a model that is not influenced by differences in hemodynamics. In SHR, we observed a defect in AKTdependent phosphorylation of eNOS that cannot be ascribed to differences in expression or activity levels of AKT from WKY. To regulate eNOS, AKT has to transfer to the membranes on the formation of a scaffold including PI3K, heat-shock protein 90, and PTEN. [27] [28] [29] Impairment of the formation of this complex has been invoked as a mechanism for reduced NO production in pulmonary hypertension 36 ; we investigated whether in SHR, AKT moves properly to the membranes after agonist stimulation. We found that in SHR, AKT is mislocalized, with an enhanced unstimulated localization to the plasma membranes. This basal increase is probably the cause of the lack of any further localization of the kinase to membranes after cellular activation by endothelial agonists. It is not clear whether higher basal AKT localization to the membranes is primary or compensatory to endothelial dysfunction, but despite the high presence of AKT on membranes, we failed to observe AKT-dependent eNOS phosphorylation. This result suggests a different localization on plasma membranes that prevents AKT from interacting with eNOS. The delivery of a transgenic kinase probably increases the amount of AKT that is available for coupling with eNOS. Our results with the eNOS inhibitor L-NAME are in agreement with this hypothesis. An ancillary result of our study regards the involvement of AKT in the endothelium-dependent vasorelaxation in response to ␤AR stimulation. Indeed, although it has been very well demonstrated that endothelial ␤ARs couple to eNOS and induce NO vasodilatation, 21,37 the underlying signal transduction pathway has been less investigated. Isenovic et al 12 indicated that endothelial ␤ 2 AR can activate eNOS in a PI3K-dependent manner using a chemical inhibitor of this pathway. In this sense, our data represent the first transgenic demonstration that the endothelial ␤ARs activate eNOS through AKT.
In summary, our research shows for the first time that AKT is involved in endothelial dysfunction in hypertension, suggesting that mislocalization to the membrane is a possible pathogenic mechanism. Given its pathophysiological and prognostic implication, 17 correcting impaired endothelial function is an obligatory achievement of modern antihypertensive therapy. AKT represents a possible target for treating endothelial dysfunction, to be achieved with old strategies, such as pharmacological small molecules, or with new molecular tools, such as gene therapy.
